We report the lateral mobility of extrajunctional acetylcholine receptors (AChR), marked with fluorescently labeled a-bungarotoxin, on rat flexor digitorum brevis single muscle fibers maintained in cell culture. Mobility is measured by a modification of the fluorescence photobleaching recovery technique. The denervated rat flexor digitorum brevis muscle fibers exhibit a nonuniform distribution of AChR on their sarcolemmas. Diffusely distributed AChR have an average diffusion coefficient of about 2.5 X lo-l1 cm'/sec, somewhat lower than that of diffusely distributed AChR on embryonic rat myotubes in culture. Extrajunctional AChR aggregated into small clusters (~20 pm) have an average diffusion coefficient of about 5 X 10-l' cm2/sec. Both the clustered and nonclustered extrajunctional AChR have lateral mobilities several orders of magnitude greater than that of junctional AChR.
In normally innervated adult muscle fibers, acetylcholine receptors (AChR) are densely packed at the myoneural junction and are restricted to that region. These junctional AChR are known to be essentially immobile (Axelrod et al., 1976a, b; Fambrough and Pagano, 1977) .
Upon denervation, however, muscle fibers gradually become sensitive to acetylcholine (ACh) along their entire length. Although this phenomcxon has been called "spread of sensitivity," it is not due to mobilization and subsequent lateral diffusion of junctional AChR, but rather to the insertion of newly synthesized receptors into extrajunctional regions of the cell membrane (Brockes and Hall, 1976; Devreotes and Fambrough, 1976) . The junctional receptors remain densely packed, and presumably immobile, at the motor endplates; the mobility of the extrajunctional receptors has not been measured previously. We report here results of fluorescence photobleaching recovery experiments which indicate that, unlike the immobile junctional AChR, extrajunctional AChR are capable of lateral diffusion. Denervated muscle fibers do not exhibit a uniform distribution of extrajunctional AChR. Some of these receptors are aggregated in small (<lo pm) clusters (Bekoff and Betz, 1977; Ko et al., 1977; Tipnis and Malhotra, 1979) . We report that the receptors within the extrajunctional clusters are less mobile than the diffusely distributed extrajunctional AChR although their mobility still exceeds that of the junctional receptors by several orders of magnitude.
Materials and Methods
Formulations of buffers and medium. Modified Puck's 5X (MP 5X) was prepared by adding 3.60 gm of NaCl, 0.20 gm of KCl, 0.68 gm of NaHP04, and 0.10 gm of NaH2P04.H20 to 100 ml of H20. From this MP-Ca2+ and Mp-Mg2+ were prepared as follows: 20 ml of MP 5X, 75 ml of H20, 1 ml of 10% glucose, and 1 ml of either 0.18 M CaC12 (MP-Ca2+) or 0.081 M MgS04 (MP-Mg"). The latter ingredient should be added dropwise while stirring. PBS/glu consisted of 200 ml of phosphatebuffered saline (PBS), 20 ml of 10% glucose, 0.25 ml of phenol red, 2 ml of MP-Ca2+, and 2 ml of MP-M$+ brought to pH 7.4. The latter ingredient should be added last and dropwise while stirring to prevent precipitation.
The cells were plated in Vitrogen gel: 2 ml of Vitrogen 100 (Flow Laboratories), 0.25 ml of minimal essential medium (MEM) with Earle's salts (Grand Island Biological Co.) (GIBCO)), 0.10 ml of 0.14 M NaOH, and 0.08 ml of 7.5% NaHC03.
The gel was mixed on ice just before use and was kept chilled.
The cells were maintained in medium C: Dulbecco's MEM (GIBCO) with 10% horse serum (M.A. Bioproducts), L-glutamine (0.29 mg/ml) (GIBCO), penicillin (500 units/ml), and streptomycin (500 mg/ml) (as penicillinstreptomycin solution from GIBCO).
Preparation of muscle fibers. Methods of muscle isolation were described by Bekoff and Betz (1977) as well as by Bischoff (1980) . The modified technique described here is by Bischoff (private communication). The flexor digitorum brevis muscles (FDB) were dissected from the plantar aspects of the hindfeet of 150-to 200-gm rats and were placed in a dish containing PBS/glu (see 'Formulations of Buffers and Medium") where they were cleaned of as much connective tissue as possible. The cleaned muscles were incubated in PBS/glu containing 0.2% collagenase (Sigma, type I) for 1 to ll/z hr with occasional gentle agitation. The muscles were then washed several times with medium C (see "Formulations of Buffers and Medium"), the tendons were gently pulled apart with watchmaker forceps, and the resulting clumps were triturated several times through a wide-mouthed pipette. The fibers were allowed to settle for 5 to 7 min, the supernatant was drawn off and discarded, and fresh medium was added. The supernatant contains mainly debris and non-muscle cells which, being less dense than the muscle fibers, settle more slowly. This trituration procedure was repeated four times in an attempt to minimize the population of undesirable cells. Following the last trituration the remaining clumps were removed, and the single muscle fibers were allowed to settle for 30 min. Culture dishes were prepared by placing 1 drop of the Vitrogen gel (see "Formulations of Buffers and Medium") on alcohol-cleaned glass-bottomed culture dishes (32.5 mm in diameter) and spreading it carefully to the edges. The dishes were incubated at 37°C in a 10% CO, water-saturated environment for 15 to 20 min to allow gelling. The settled single muscle fibers in medium were placed on ice, as much supernatant as possible was drawn off, and the fibers were mixed 1: 1 with Vitrogen gel. The gel-cell mixtures was plated on the prepared dishes by placing 1 drop of the mixture on each dish. The dishes were returned to the incubator for 15 to 30 min to allow gelling and were subsequently covered with a layer of Vitrogen gel (-3 drops/dish). Finally, the dishes were incubated for 45 to 60 min (to allow gelling) before being fed by careful dropwise addition of 3-ml volumes of medium C. Medium was changed daily. Experiments on junctional AChR were carried out on the day of plating; all other experiments were performed on day 14 after plating. By this time only a small fraction of the fibers was still living and attached to the substrate.
Preparation of primary muscle cultures. Cultures were prepared as described previously (Axelrod, 1981) and were plated on glass-bottomed culture dishes in medium containing 10% fetal bovine serum and 0.6 pg tetrodotoxin/ml (TTX, obtained from Sigma). Medium was changed every other day. The experiments were performed on 'I-day-old cultures.
Fluorescent toxins. Tetramethylrhodamine cu-bungarotoxin (R-BT) was prepared according to the method described by Ravdin and Axelrod (1977) . Muscle fibers were exposed to R-BT in medium for 1 hr at 37°C were washed several times with phosphate-buffered saline (PBS, obtained from GIBCO) containing 0.6 pg TTX/ ml, and were placed in a 3-ml volume of this PBS/TTX. R-BT labeling is irreversible on the time scale of our experiments (Devreotes and Fambrough, 1975) .
Fluorescence measurements. Fluorescence of cells was excited by the 514 nm line of an argon ion laser (Lexel 95.3) and viewed with an inverted microscope (Leitz Diavert) using a x 100, numerical aperture = 1.20, water immersion objective. Lateral motion of fluorescently labeled AChR was measured by a modification of the fluorescence photobleaching recovery technique (FPR; see Axelrod et al., 1976a) . This modification was necessitated by the faintness of the label and takes advantage of the fact that the fluorescence is brighter at the edge of the cell since the optical path traverses more cell membrane (and hence more fluorescent label) in that region.
A cylindrical lens was used to focus the laser beam to a stripe (e-* Gaussian half-width = 0.35 pm) rather than to the more conventional circular spot. The axis of the muscle fiber was oriented perpendicularly to this stripe. A rectangular aperture in the image plane of the microscope limited the gathered fluorescence to that emanating from a small region on the edge of the cell (Fig. 1) . A brief (50-msec) and intense (5 mW/pm2) pulse of laser light caused irreversible photochemical bleaching of the Vd. 4, No. 1, Jan. 1984 fluorophore in that region. The diffusion coefficient was determined from the rate of recovery of fluorescence (excited by the same laser beam attenuated -2 x lo* times) which results from the diffusion of unbleached fluorophore into the bleached region. Fluorescence recovery was recorded for 15 to 20 min following bleach. Assuming that bleaching is an irreversible first-order process, the lateral diffusion coefficient for bleaching by a Gaussian stripe is given by; 3w'y D=-471/s (Feldman et al., 1981; Axelrod et al., 1976a; Stya, 1983) . Factor w is the ee2 intensity half-width, r1i2 is the time required for the half-recovery of fluorescence, and y (a bleaching depth correction) is 1.3 in this study. The average lateral diffusion coefficient is given by D = Df, where f is the fraction of fluorophores that are mobile.
The fluorescence measurements must be corrected for background fluorescence (from glass, solution, and dark count) and for autofluorescence (from the cell interior). We found the total fluorescence observed at the edge of R-BT-labeled cells to be 1.5 to 2.6 times brighter than the background fluorescence measured by identically sized areas devoid of cells. By measuring typical FPR curves on unlabeled cells at the edge and at the center (where almost all of the observed fluorescence above background is due to cell autofluorescence), the contribution of cell autofluorescence to the total fluorescence recovery at the edges of R-BT-labeled cells could be determined and subtracted. On the average about 60% of the edge fluorescence above background on R-BTlabeled cells (in diffusely labeled areas) could be attributed to R-BT-labeled AChR and the remaining 40% to autofluorescence.
The level of nonspecific R-BT binding was determined by blocking the AChR with unlabeled BT for 1 hr before treating the cells with R-BT for 1 hr. The resulting fluorescence was no greater than that of the cell-free background; thus, we conclude that R-BT binds specifically to the extrajunctional AChR and, moreover, that this specific labeling results in fluorescence intensity levels which are sufficiently above those of the nonspecific background to yield usable data.
The fluorescence experiments were performed at 22°C within about 2 to 3 hr after the completion of labeling by R-BT. On other cell systems at 37"C, the characteristic time for removal of AChR from the surface is much longer than 2 hr (Devreotes and Fambrough, 1975; Axelrod, 1981) . (Analogous turnover studies on dissociated and cultured FDB have not been published.) We therefore reasonably assume that most of the fluorescently labeled AChR remained on the cell surface during the experiments.
Lateral diffusion of AChR on developing Xenopus muscle has been measured (by ACh sensitivity after local blockage with a-bungarotoxin (BT)) (Young and Poo, 1983) to be about 50 times faster than AChR diffusion on developing rat muscle as measured by FPR (Axelrod et al., 1976a) , thereby raising questions about artifacts in lateral diffusion measurements. The sources of the difference are not yet clear but could include a combination of the following factors: a species difference (rat versus Xenopus); some error in the estimated area of blockage by o(-BT and/or area of photobleaching by FPR; sensitivity of the techniques to different AChR populations (i.e., total oc-BT-binding receptors in FPR versus only ACh-sensitive receptors in blockage experiments); or an initial reversible binding of a-BT which would affect blockage results but not FPR. The possibility that FRP leads to membrane photodamage cannot be excluded, but this appears not to be a problem in a number of other systems (see Jacobson et al., 1983 , for a review of the evidence).
Results
The sparse distribution of extrajunctional AChR on living muscle fibers results in R-BT labeling so faint that it can be observed only with high aperture objectives. Unlike living fibers, dead fibers show a bright autofluorescence that obscures any R-BT labeling. Living fibers also exhibit bulging nuclei along their length whereas dead ones do not.
The extrajunctional clusters of AChR are not sharply delineated (as are endogenous clusters on primary myotubes) but rather appear as speckly strips along the edge of the muscle fibers (faintness of the label precludes visualization of AChR anywhere but along the edge of the cells). These speckly strips are more than twice as bright as the other regions of the membrane, as determined by measurement of pre-bleach fluorescence levels.
Typical FPR curves of extrajunctional (both clustered AChR on FDB at a synaptic junction and at extrajunctional (EJ) clustered and nonclustered (diffuse) regions. The expected contributions of background and cellular autofluorescence have been subtracted as described under "Materials and Methods." The EJ diffuse region exhibits a weak fluorescence with a relatively rapid and substantial recovery; the EJ clustered region is brighter with a slower and less complete recovery; the junction shows no perceptible recovery. and diffusely distributed) and junctional AChR are shown in Figure 2 . The results of the FPR experiments, presented in Table I , can be summarized as follows: (i) as reported by others (Fambrough and Pagano, 1977; Axelrod et al., 1976b) , junctional AChR on adult muscle fibers are essentially immobile with an average diffusion coefficient of <lo-l2 cm'/sec (see Fig. 3 ); (ii) extrajunctional AChR are mobile; (iii) clustered extrajunctional AChR are less mobile than the diffusely distributed extrajunctional receptors; (iu) the fractional mobility of the diffusely distributed AChR on adult muscle fibers is similar to that of the diffusely distributed AChR on primary myotubes, but the diffusion coefficients of the mobile AChR on the former is somewhat lower than that of the latter. The molecular cause of the difference in diffusion rates in the two systems has not been investigated but conceivably may result from differences in cytoplasmic interactions, membrane environment, degree of AChR microclustering, or viscous drag of an extracellular matrix.
Conclusion
We find that the extrajunctional AChR on denervated adult muscle fibers differ greatly from junctional receptors on normally innervated muscle in their mobility within the plane of the membrane. The extrajunctional receptors are capable of lateral diffusion, while the junctional ones are positionally stable.
The difference in lateral mobility is in addition to the many other differences previously described. Extrajunctional AChR are less negatively charged than junctional ones (Brockes and Hall, 1975) , have a longer mean open time (Dreyer et al., 1976; Sakman, 1978) , and are less metabolically stable (Berg and Hall, 1975; Devreotes and Fambrough, 1976) . Indeed, the extrajunctional AChR on denervated adult muscles are more similar to AChR on embryonic muscle than they are to the junctional AChR on normally innervated muscles. Both embryonic and denervated adult muscle exhibit AChR along their entire length (Bevan and Steinbach, 1977) , exhibit extrajunctional clusters of AChR (Braithwaite and Harris, 1979) , and exhibit diffusely distributed AChR which are laterally mobile while the clustered receptors are constrained. On the basis of the available evidence, we consider it possible that denervation causes the muscle to revert to an embryonic state.
